In this paper, oxygen-deficient La 0.67 Sr 0.33 CoO 3 (LSCO) thin films are prepared by adjusting the oxygen pressure during the deposition. As oxygen vacancies are introduced into the LSCO films, the out-of-plane lattices are elongated, as revealed by x-ray diffraction and high-resolution transmission electron microscopy (HRTEM). Modulated bright and dark stripes observed in the HRTEM images of the oxygen-deficient LSCO films are induced by cation ordering and oxygen vacancy ordering, respectively. Magnetic measurements and first-principles calculations show that the oxygen vacancies depress the magnetism of the LSCO films greatly. We also demonstrate that doping Sr into LaCoO 3 and removing oxygen from LSCO have a similar effect on the magnetic properties, which is correlated with a derived formula.
I. INTRODUCTION
Transition metal oxides have attracted much attention for the unconventional phenomena they exhibit due to the strong interplay between spin, charge, orbital, and lattice degrees of freedom. The spin-state transitions in LaCoO 3 -based perovskite oxides have been widely studied [1] [2] [3] [4] [5] [6] . It has been demonstrated that the magnetism of perovskite cobalt oxides is sensitive to external and internal factors such as lattice strain, element doping, and oxygen nonstoichiometry. For example, the magnetic properties are very different when the LaCoO 3 films suffer from tensile or compressive strains [7] [8] [9] [10] , and the magnetization increases significantly with increasing tensile strain that favors high-spin-state Co 3+ ions [11, 12] . An unexpected dependence of the magnetization on Sr content was also observed in La 1−x Sr x CoO 3 films [13] . The magnetization is weakened by introducing Sr ions into tensile La 1−x Sr x CoO 3 film (0.05 < x < 0.2), rather than enhanced as it is for its bulk counterpart. In this case, Sr doping drives a high-to low-spin-state transition for the Co 3+ ions, disfavoring ferromagnetic ordering [14] .
Compared with the lattice strain and Sr doping, the effect of oxygen nonstoichiometry is of special interest. It is known that either doping Sr into LaCoO 3 or removing oxygen from LSCO can affect the Co 3+ /Co 4+ ratio in perovskite cobalt oxides. Although there are reports on the effect of oxygen nonstoichiometry on the magnetic properties of La 0.67 Sr 0.33 CoO 3−δ (LSCO 3−δ ) films [15] , no special efforts have been devoted to investigate the connection between Sr doping and the introduction of an oxygen vacancy. Two methods can be used to produce oxygen vacancies in La 0.67 Sr 0.33 CoO 3 (LSCO) films: The first is annealing the film in vacuum after the ablation process [16] , and the second is adjusting the oxygen pressure during the deposition [17] . In this paper, different oxygen-deficient LSCO films were prepared by the second method, and the effects of oxygen vacancies on the magnetic properties were studied. Combining first-principles calcula-
II. EXPERIMENTAL DETAILS
Different oxygen-deficient LSCO films were epitaxially grown on (001) SrTiO 3 (STO) and (001) LaAlO 3 (LAO) substrates using the pulsed laser deposition (PLD) technique from ceramic targets prepared by the solid state reaction. During the deposition, the substrate was maintained at 800°C and the oxygen pressures at 0.01, 1, and 50 Pa, respectively, to tune the oxygen content in the resultant films. The laser wavelength was 248 nm, the pulse fluence was 1.5 J/cm 2 , and the ablation frequency was 1 Hz. The film thickness is 50 nm, determined by the deposition time. After deposition, all films except for that obtained under 50 Pa were furnace cooled to room temperature under the deposition pressure. Before cooling to room temperature, the film prepared under 50 Pa was further heated at 800°C for 2 h in an oxygen atmosphere of 10 bars to improve its oxygen stoichiometry.
Specimens for TEM examinations were prepared in crosssectional orientations ([010] zone axis of the STO substrate) using conventional techniques of mechanical polishing and ion thinning. The ion milling was performed using a Gatan Model 691 precision ion polishing system (PIPS). The bright-field (BF) imaging, selected-area electron diffraction (SAED), and high-resolution TEM (HRTEM) examinations were carried out on a JEOL JEM2100F electron microscope operated at 200 kV. The chemical compositions of LSCO films prepared at different oxygen pressures were determined using energydispersive x-ray spectroscopy (EDS) in a JEOL JEM2100F TEM, which shows that the oxygen is stoichiometric only in the film prepared at 50 Pa. The film structure was analyzed by x-ray diffraction (Bruker x-ray diffractometer, λ = 1.5406Å). Owing to its high intensity, we chose the (002) reflection for a systematic analysis. The magnetic properties were measured using a commercial superconducting quantum interference device, vibrating-sample magnetometer (Quantum Design VSM-SQUID), in the temperature range 5-300 K under applied magnetic fields up to 7 T.
III. RESULTS AND DISCUSSION
To study the effect of oxygen content on both crystal structure and microstructure of the films, we carried out systematic investigations using XRD and TEM. Figures 1(a) and 1(b) show the XRD patterns of the LSCO films grown under different oxygen pressures on the STO or LAO substrate. Consistent with previous reports [18, 19] , the (002) reflections of the films on both substrates shift to small angles with decreasing oxygen pressure, indicating an out-of-plane lattice expansion as shown in Fig. 1(c) . Decreasing oxygen pressure from 50 Pa to 1 Pa and 0.01 Pa, for example, the (001) lattice constant increases from 3.768Å to 3.772Å and 3.782Å for the LSCO/STO films. Since the (001) lattice elongation is less than 0.032Å, the content of oxygen vacancies (δ) in the LSCO 3−δ film can be estimated by [20] 
where d is the out-of-plane lattice expansion caused by the oxygen deficiency. √ 2 is introduced because the definition of the lattice constant here is different from that in Ref. [20] . For the LSCO 3−δ /STO films prepared at 1 and 0.01 Pa, δ is calculated to be 0.018 and 0.063, respectively, according to Eq. (1) appear at half-positions between the fundamental reflections in both patterns. The wave vector of these dots is [ 1 2 ,0,0], which represents a modulated structure with a periodicity twice the original lattice parameter. Figures 2(c) and 3(c) show typical HRTEM images of the LSCO/STO films grown at 50 and 0.01 Pa, respectively. For the film grown at 50 Pa, the (001) and (100) lattice spacings are measured to be 3.76 and 3.77Å, respectively, from the insets of Fig. 2(c) , while for the film grown at 0.01 Pa, the (001) and (100) lattice spacings are measured to be 3.79 and 3.74Å, respectively, from the insets of Fig. 3(c) . Thus the (001) lattice spacing of the films is elongated from 3.76 to 3.79Å when the oxygen pressure decreases from 50 to 0.01 Pa, which is consistent with the XRD results. Meanwhile, in the LSCO film prepared at 50 Pa, only one type of modulated stripe in A sites (La-O planes in LSCO, labeled by the red line) is observed in Fig. 2(c) . Systematic HRTEM simulations were performed and one simulated image with f = −54.0 nm (defocus value) and t = 24.6 nm (thickness) is shown in Fig. 2(d) Fig. 3(c) , which is consistent with the work of Donner et al. [21] . Donner et al. found that the intensity of the half-order reflection results not only from an ordering of the oxygen vacancy planes, which could only lead to weak superstructure reflections, but also from the A-site ordering; this was confirmed by structure factor calculations. The simulated HRTEM image [ Fig. 3(d) ] agrees well with the experimental one. In A sites, the intensity of pure La 3+ planes is stronger than that of La 3+ /Sr 2+ mixed planes; in B sites, the Co-O planes containing oxygen vacancies are weaker than the others. Therefore, we believe that weak stripes in B sites are induced by the oxygen vacancy ordering. To confirm the effect of oxygen vacancies on the magnetization, first-principles calculations were performed [22] , combined with projector augmented wave (PAW) method [23] in the Vienna ab initio simulation package (VASP) code. In the oxygen stoichiometric LSCO, 12 Co cations can be considered as six low spin (LS) Co 3+ (t ), as shown in Fig. 6(a) . Using these parameters, the calculated total magnetization is 9.72 μ B and the average magnetization is 0.81 μ B /Co, which is consistent with the experimental results. While introducing one oxygen vacancy into the unit cell [as shown in Fig. 6(b) ], the total magnetic moment decreases drastically to 3.4 μ B . Only two Co atoms remain to possess a magnetic moment of 1.7 μ B , which can be regarded as IS Co 3+ , whereas the others have a magnetic moment of nearly 0 μ B . The introduction of an oxygen vacancy has two effects: The LS Co 4+ turns into LS Co 3+ , and a CoO 6 octahedron is transformed into a CoO 3 tetrahedron. From the calculated density of states (DOS) for Co atoms in the oxygen-stoichiometric and oxygen-deficient LSCO films, as shown in Fig. 6(c) , one can see that the spin polarization is different for these two films, and the oxygen-stoichiometric LSCO film has larger spin polarization. In other words, the introduced oxygen vacancy strongly depresses the spin polarization of Co ions.
The Co 4+ /Co 3+ ratios in cobalt oxides can be controlled either by doping Sr into LaCoO 3 or by removing oxygen from LSCO. However, as reported in the literature [20] , these two methods may not be equivalent. To find their underlying connections, we compare the present results with the relevant data available in the literature, which is summarized in Table I . We find that the LSCO 3 3 and removing oxygen from LSCO have a similar effect on magnetism. In other words, for the magnetism of LSCO films, adjusting oxygen pressure during the ablation process has a similar effect as Sr doping. The relationship between the effect of oxygen pressure and Sr doping can be correlated using the equation
where x is the Sr-doping content in the La 1−x Sr x CoO 3 films and δ is the content of the oxygen vacancy in the LSCO 3−δ films. This means that both LSCO 3−δ and La 1−x Sr x CoO 3 films have a similar magnetism when they obey Eq. (2).
IV. CONCLUSIONS
LSCO films were prepared at different oxygen pressures during the ablation process. Using XRD and HRTEM, we investigated the chemical expansion and the typical modulated stripes along [001] with oxygen pressure decreased from 50 to 0.01 Pa. Combining the experimental result with the calculated one, we demonstrated that the oxygen vacancy was introduced into the films prepared at low oxygen pressures, and that the introduced oxygen vacancy strongly restrains the spin polarization of Co cations. In addition, for the magnetization of the LSCO film, we found that oxygen pressure has a similar effect as Sr doping. Both La 1−x Sr x CoO 3 and LSCO 3−δ films have similar magnetism when they have the same Co 3+ /Co 4+ ratios. A formula was derived to correlate their relation. Our work could shed light on physical insights regarding the relationship between both the chemical and structural nature of LSCO films and their magnetic properties.
